ABSTRACT. Sorbitol is the main photosynthetic product and primary translocated carbohydrate in the Rosaceae and plays fundamental roles in plant growth, fruit quality, and osmotic stress adaptation. To investigate the effect of frequent high temperature during advanced fruit development on fruit quality of chinese sand pear [Pyrus pyrifolia (Burm. f.) Nakai], we analyzed sorbitol metabolism in mature leaves and fruit flesh of potted 'Wonhwang' pear trees. In mature leaves, sorbitol synthesis catalyzed by NADP D -dependent sorbitol-6-phosphate dehydrogenase (S6PDH) was repressed, while sorbitol utilization mainly catalyzed by NAD D -dependent sorbitol dehydrogenase (NAD D -SDH) and NADP D -dependent sorbitol dehydrogenase (NADP D -SDH) was higher than that before high-temperature treatment, which resulted in decreased sorbitol accumulation. In contrast, sucrose accumulation in mature leaves was significantly enhanced in response to high temperatures. In fruit flesh, accumulation of sorbitol and sucrose was increased at the time of harvest under high temperatures. Among sorbitol metabolic enzymes, only NAD D -SDH was sensitive to high temperature in fruit flesh, and significant decrease of NAD D -SDH activity indicated that the fruit sorbitol-uptake capacity was undermined under high temperatures. Transcription analysis revealed tissue-specific responses of NAD D -SDH genes (PpSDH1, PpSDH2, and PpSDH3) to high-temperature treatment. The NAD D -SDH activity and regulation of PpSDH1 and PpSDH3 were positively correlated in mature leaves. However, the downregulation of PpSDH1 and PpSDH2 was consistent with decreased enzyme activity in the fruit flesh. With regard to sorbitol transport, two sorbitol transporter genes (PpSOT1 and PpSOT2) were isolated, and downregulation of PpSOT2 expression in mature leaves indicated that the sorbitol-loading capability decreased under hightemperature conditions because of the limited sorbitol supply. These findings suggested that sorbitol metabolism responded differently in mature leaves and fruit flesh under high temperature, and that these dissimilar responses influenced fruit quality and may play important roles in adaptation to high temperatures.
Pear (Pyrus L.) is an important commercial fruit crop widely cultivated around the world. Since the 1980s, with the introduction and breeding of improved cultivars, the planting area of early-maturing chinese sand pear cultivars has gradually expanded in southern China. Pear production has become an important component of deciduous fruit production in this region. However, with global warming, the increasing frequency and duration of extreme high temperature in summer have negatively impacted the pear production . High temperature affects the external appearance of pear fruit and causes, for example, poor color development and increasing incidence of sunburn (Steyn et al., 2004; Wand et al., 2008) . With these problems in mind, protective measures have been attempted with regard to field management or postharvest treatments (Colavita et al., 2011; Zhang et al., 2012) . However, the effect of high temperatures on the internal quality of pear fruit is rarely studied.
Sugar metabolism is a basic biochemical process that affects internal fruit qualities, as sugar is the main taste component and is also a substrate for the biosynthesis of pigments, amino acids, vitamins, and aromatic volatiles. In Rosaceae fruit trees, sorbitol is the main product of photosynthesis and the form of carbohydrate transported in the phloem, and is also an important accumulated sugar alcohol in fruit (Loescher, 1987; Loescher et al., 1982) . In pear, sorbitol content in mature leaves is nearly 4-fold higher than sucrose content (Colaric et al., 2006) , whereas in fruit flesh it varies among species and fruit developmental stages. In chinese sand pear, sorbitol is the main sugar present during early fruit development and is almost equal in concentration to sucrose content at fruit maturity (Chen et al., 2011; Yao et al., 2010) . Sorbitol metabolism in Rosaceae fruit also changes with fruit development and is related to fruit growth rate and sink strength (Bianco et al., 1999; Yamaki, 1986) . Activity of NAD + -dependent sorbitol dehydrogenase (NAD + -SDH) is positively correlated with sink strength throughout peach (Prunus persica L.) fruit development, whereas sorbitol oxidase (SOX) activity is not correlated with sink strength at the endocarp hardening stage (Bianco and Rieger, 2002b) . Therefore, the changes of sorbitol metabolism at specific fruit developmental stages are hypothesized to influence sink strength and fruit quality.
Pome fruit undergo three main growth periods during development: an initial period of cell division, a period of rapid enlargement owing to cell expansion, and final maturation. Sorbitol metabolism plays important roles in early fruit development and advanced fruit ripening (Nosarszewski et al., 2004; Park et al., 2002) . The few previous studies of sorbitol metabolism have focused specifically on the rapid fruit enlargement stage. This stage is a pivotal phase for the accumulation of organics in fruit and frequently coincides with a period of high temperature in early-maturing pear cultivars (Hai and Gao, 2010) . High-temperature treatment before fruit maturity influences fruit ripening, color development, and the softening processes (Lurie et al., 1996) , and disorders during fruit storage are probably related to environmental conditions experienced at the earlier developmental stages (Elgar et al., 1999; Neilsen et al., 2005) . Therefore, investigation of sorbitol metabolic changes under high temperatures during fruit enlargement is important to improve fruit quality and storage life.
Sorbitol metabolism is influenced by environmental conditions. Under drought stress, both sorbitol synthesis in source leaves and its utilization in sink shoot tips are inhibited, and the sorbitol is accumulated up to 80% of total solutes for osmotic adjustment (Lo Bianco et al., 2000) . Under moderate water stress, sorbitol metabolism in peach fruit is activated, and the concentrations of sorbitol and total sugars increase (Kobashi et al., 2000) . Sorbitol transport is also affected by environmental conditions. Under osmotic stress, mRNA levels of sorbitol transporters are rapidly upregulated in vegetative tissues (Li et al., 2012; Pommerrenig et al., 2007) . In this study, we investigated sorbitol transport and accumulation patterns as well as the activity and the expression level of sorbitol metabolic enzymes in mature leaves and fruit flesh to understand the fruit quality change under high-temperature treatment and the possible roles of sorbitol against the high-temperature stress.
Materials and Methods
PLANT MATERIALS AND TREATMENTS. Three-year-old P. pyrifolia cv. Wonhwang fruit-bearing trees on Pyrus calleryana Dcne. rootstock were planted in 53-L pots and tended in accordance with standard fertilization and pest-control practices outdoors. On 10 July 2012, 12 trees were transferred to an artificial climate chamber for adaptation at 27°C for 3 d. For high-temperature treatment, six trees were cultivated at 40°C from 1200 to 1500 HR and at 27°C for the remainder of the day (Fig. 1A) , which simulated natural heat stress. Six trees were cultivated under a constant temperature of 27°C (the control). A completely randomized design with three replications and two trees per replicate were used in this experiment. All plants of the high-temperature treatment and the control were grown under conditions of 12-h illumination at 600 mmolÁs -1 Ám -2 and 60% to 70% relative air humidity, and the trees were watered once daily to ensure adequate water supply. Daily high-temperature treatment was ended after 14 d because of the appearance of visible symptoms of damage to the leaves, after which the trees were cultivated under the same temperature as the control. Leaf and fruit samples were sampled weekly on four dates until fruit harvest (Fig. 1B) . Five mature functional leaves and four fruit for each replication were sampled at 1500 HR, frozen in liquid N 2 , and stored at -80°C for analysis of enzyme activity and gene expression.
NET PHOTOSYNTHETIC RATE OF MATURE LEAVES UNDER HIGH-TEMPERATURE TREATMENT. We measured the net photosynthetic rate (P n ) twice daily on the sampling dates during the treatment period (13, 20, and 27 July) with a photosynthesis system (LI-6400; LI-COR, Lincoln, NE). The measurements began at 1000 and 1400 HR, which represented 2 h before and 2 h after the start of high-temperature treatment, respectively. The measurement parameters were 800 mmolÁm -2 Ás -1 light intensity and 400 mmolÁmol -1 CO 2 . SUGAR CONTENT IN MATURE LEAVES AND FRUIT FLESH UNDER HIGH-TEMPERATURE TREATMENT. Sugar content was determined by high-performance liquid chromatography (Shimadzu, Kyoto, Japan). Soluble sugars in the fruit flesh were extracted in accordance with the method described by Huang et al. (2009) . The method for sugar extraction from leaves was slightly modified. Ground leaf tissue (0.2 g) was homogenized in 6 mL distilled water and centrifuged at 5400 g n for 10 min. One milliliter of supernatant was taken for filter sterilization and 10 mL filtrate was injected into an NH 2 column (5.0 mm, 4.6 · 250 mm; Sipore, Dalian, China) and detected with a refractive index detector (RID-10A; Shimadzu). Standard curves for fructose, glucose, sorbitol, and sucrose (Sigma, St Louis, MO) were generated as references to quantify sugar content in the samples.
SORBITOL METABOLIC ENZYME ACTIVITIES IN MATURE LEAVES AND FRUIT FLESH. Crude enzymes were extracted from 0.2 g leaves or 1.5 g fruit flesh in 5 mL Tris-HCl buffer (100 mM, pH 9.0) containing glycerol (8%, v/v), Tween 20 (0.1%, v/v), polyvinylpolypyrrolidone (1%, w/v), and 2-mercaptoethanol (20 mM), and the activities of S6PDH (reduction of G6P activity), NAD + -SDH, and NADP + -SDH were assayed by measuring the absorbance of nicotinamide adenine dinucleotide phosphate (NADPH) or nicotinamide adenine dinucleotide (NADH) at 340 nm, and the activity of SOX was determined by measuring the absorbance of reducing sugar at 540 nm (Bianco et al., 1998 (Bianco et al., , 1999 Kanayama and Yamaki, 1993) .
GENE CLONING AND QUANTITATIVE REAL-TIME PCR. Total RNA was extracted from fruit flesh. Digested RNA treated with DNase I was reverse transcribed using the Revert Aid First Strand cDNA Synthesis Kit (Fermentas, Ottawa, ON, Canada). The primers used to clone S6PDH, NAD + -SDH, and SOT genes are listed in Table 1 .
The primers used for quantitative real-time polymerase chain reaction [RT-qPCR (Table 1) ] were designed on the basis of the 3#-untranslated region sequence. The primer specificity for RT-qPCR was confirmed by obtaining a single melting-curve peak and a single band by agarose gel electrophoresis of the PCR products. The total reaction volume for each RT-qPCR was 15 mL, which comprised 7.5 mL SYBR Green PCR Supermix (Takara, Tokyo, Japan), 0.5 mL per each primer, 1 mL of 1:10 diluted cDNA, and 5.5 mL double-distilled water. The amplification procedure comprised denaturation for 5 min at 94°C, 45 cycles of 94°C for 10 s, and 60°C for 30 s on a LightCycler 480 (Roche, Basel, Switzerland). PpActin (JN684184) was used as a housekeeping gene . Relative gene expression levels were calculated with the 2 -DDCT method (Livak and Schmittgen, 2001) . STATISTICAL ANALYSIS. Statistical analysis was performed using the least significant difference test at the 5% significance level with SPSS software (version 13.0; IBM Corp., Armonk, NY).
Results

NET PHOTOSYNTHETIC RATE OF MATURE LEAVES.
On each measurement date, P n measured at 1400 HR (after 2 h of hightemperature treatment) was significantly lower compared with the control (Fig. 2) . On the initial and middle sampling dates (13 and 20 July), P n measured at 1000 HR (before the beginning of high-temperature treatment) was not significantly different to that of the control. However, with increasing duration of high-temperature treatment, P n measured on 27 July at 1000 HR was 47.2% lower than that of the control (Fig. 2) .
DIFFERENT SUGAR ACCUMULATION PATTERNS IN MATURE L E A V E S A N D F R U I T F L E S H U N D E R H I G H -TEMPERATURE
TREATMENT. Fructose and glucose contents in both mature leaves and fruit flesh showed no response to high temperature (data not shown). Nonetheless, different patterns of sorbitol and sucrose accumulation were observed in mature leaves and fruit flesh under high temperature. Sorbitol, the most abundant sugar in mature leaves, was significantly decreased under hightemperature treatment (Fig. 3A) , and its proportion decreased from 51.2% to 58.1% in control leaves to 37.8% to 48.4% in treated leaves (Fig. 3B) . However, the decrease in sorbitol content was partially compensated by sucrose accumulation, as the proportion of sucrose increased from 12.2% to 13.4% in control leaves to 17.9% to 22.3% in treated leaves (Fig. 3B) . In fruit flesh, sorbitol accumulation was stable under high temperature except for a significant increase at harvest time (Fig. 3A) . In contrast, sucrose content was significantly increased by high temperature since 27 July; at harvest, sucrose content in treated fruit flesh rose by 11.8% compared with that in control flesh (Fig. 3B) .
ACTIVITY AND GENE EXPRESSION OF SORBITOL METABOLIC ENZYMES IN MATURE LEAVES.
Responses among sorbitol metabolic enzymes to high-temperature treatment differed in mature leaves. The activity of S6PDH tended to decrease with increasing time and by high-temperature treatment. The difference of S6PDH between treatment and control reached a significant level on 20 July (Fig. 4A) . Activity of NAD + -SDH in control leaves remained stable throughout the experimental period. High temperature significantly enhanced leaf NAD + -SDH activity, which had increased by 55.7% on 20 July and 40.6% on 27 July in treated leaves (Fig. 4A) . Activity of NADP + -SDH in control leaves fluctuated during the experimental period and peaked on 3 Aug., similarly, it was fluctuated in treated leaves and significantly raised by 11.8% on 27 July by high-temperature treatment (Fig. 4A) . Leaf SOX activity did not vary significantly with time or high temperature (Fig. 4A) . Therefore, NAD + -SDH was more sensitive to high temperatures than NADP + -SDH and SOX in the sorbitol catabolism of mature leaves.
With regard to sorbitol metabolism, S6PDH and NAD + -SDH are the crucial enzymes for sorbitol biosynthesis and utilization, respectively. One S6PDH gene [PpS6PDH (GenBank accession no. KC506733)] and three NAD + -SDH genes [PpSDH1 (KC506730), PpSDH2 (KC506731), PpSDH3 (KC506732)] were isolated from the 'Wonhwang' fruit flesh. Expression of PpS6PDH was inhibited under high temperatures, and significant downregulation was observed on 20 July (Fig. 5A) . Expression of PpSDH1 and PpSDH3 was induced under high temperatures, and especially, the significant induction of PpSDH3 on 20 and 27 July was corresponded to the increase of NAD + -SDH enzyme activity, whereas expression of PpSDH2 was unaffected under high temperatures (Fig. 5A) . (Fig. 4B) . Changes of NAD + -SDH activity in fruit flesh were opposite to those observed in mature leaves, as NAD + -SDH activity in fruit flesh was inhibited under high temperature and with continued treatment was significantly decreased by 23.1% on 27 July (Fig. 4B) .
The transcription pattern of S6PDH and NAD + -SDH genes in fruit flesh also differed from that observed in mature leaves. In sorbitol biosynthesis, expression of PpS6PDH in fruit flesh was unaffected by high-temperature treatment (Fig. 5B) . In sorbitol catabolism, expression of PpSDH1 and PpSDH2 was inhibited under high-temperature treatment, and significant downregulation was observed on 27 July, whereas expression of PpSDH3 in fruit flesh was unaffected by high temperature (Fig. 5B) .
TRANSCRIPTION OF SORBITOL TRANSPORTER GENES IN MATURE LEAVES AND FRUIT FLESH.
Sorbitol transport is a carrier-mediated process in Rosaceae. Two SOT genes were isolated from 'Wonhwang' leaves and designated PpSOT1 (KC506734) and PpSOT2 (KC506735). PpSOT1 and PpSOT2 shared high sequence identity with MdSOT5 (AB125647.1) and MdSOT4 (AB125647.1), respectively, in apple (Malus · domestica Borkh). Expression of PpSOT1 and PpSOT2 was analyzed as an indicator of sorbitol transport capacity under high-temperature treatment. Expression of PpSOT1 was unaffected by high temperature in both mature leaves and fruit flesh, whereas PpSOT2 expression showed a tissue-specific response to high temperature. PpSOT2 was significantly downregulated in mature leaves but unaffected in fruit flesh under high-temperature treatment (Fig. 6 ). In addition, expression of SOT genes was regulated in tissue-and developmental stage-specific manner. With fruit development, expression of PpSOT2 in control leaves was significantly upregulated, whereas expression of PpSOT1 in fruit flesh was decreased (Fig. 6) . Fig. 2 . Net photosynthesis rate (P n ) of Pyrus pyrifolia 'Wonhwang' mature leaves in response to high-temperature treatment. P n was measured at 1000 and 1400 HR on the sampling dates during the treatment period (13, 20, and 27 July), which represented 2 h before and 2 h after the start of high-temperature treatment, respectively. The values represent the mean of three replications ±SE. Asterisks indicate a significant difference between the control (Con) and high-temperature treatment (HT) at P < 0.05. The values represent the mean of three replications ±SE. Asterisks indicate a significant difference between the control (Con) and high-temperature treatment (HT) at P < 0.05.
Discussion SORBITOL CONTENT, ACTIVITY, AND GENE EXPRESSION OF SORBITOL METABOLIC ENZYMES IN MATURE LEAVES UNDER HIGH-
TEMPERATURE TREATMENT. In the Rosaceae, sorbitol is a primary end product of photosynthesis and the principal translocated carbohydrate. Sorbitol biosynthesis in mature leaves influences sugar metabolism in fruit and fruit-quality attributes at maturity (Teo et al., 2006) . In transgenic apple plants in which sorbitol synthesis is suppressed, besides alteration of sugar metabolism in leaves, the sugar and acid composition in fruit is changed, with higher glucose and lower fructose, starch, and malic acid concentrations accumulated (Teo et al., 2006) . Furthermore, sorbitol metabolism is affected by environmental conditions. Under osmotic stress, sorbitol is accumulated and functions as a cell osmotic adjustment substance (Noiraud et al., 2001; Wang and Stutte, 1992) . However, under high-temperature treatment, the sorbitol content decreased and sugar composition changed in mature leaves of pear. In control leaves, sorbitol accounted for the highest proportion of total sugars (51.2% to 58.1%), which was consistent with the reports in apple and apricot (Prunus armeniaca L.) (Bieleski and Redgwell, 1985; Loescher et al., 1982) , whereas the proportion significantly decreased to 37.8% to 48.4% in heat-stressed leaves (Fig. 3A) . Analysis of enzyme activities indicated that the lower sorbitol accumulation in mature leaves was due to a combination of decreased sorbitol synthesis and enhanced sorbitol catabolism. S6PDH and NAD + -SDH are key enzymes for sorbitol synthesis and utilization, respectively (Yamaguchi et al., 1994; Yamaki, 1986 ). The activity and transcript level of S6PDH were decreased under high-temperature treatment ( Fig. 4A and  5A ), which was consistent with the inhibition of photosynthesis in mature leaves (Fig. 2) . In contrast, NAD + -SDH activity was significantly increased under high-temperature treatment (Fig.  4A) , and upregulation of PpSDH1 and PpSDH3 was consistent with increased enzyme activity in mature leaves (Fig. 5A) . However, among sorbitol metabolic enzymes only NAD + -SDH activity was significantly correlated with sorbitol content (R = -0.800, P = 0.017), which implied that the decreased sorbitol content in mature leaves mainly resulted from increased NAD + -SDH activity under high-temperature treatment. Moreover, the response of NAD + -SDH under high-temperature treatment conflicted with the reported responses to drought or salt stress (Lo Bianco et al., 2000; Nosarzewski et al., 2012; Pommerrenig et al., 2007; Ranney et al., 1991) , which may be the main reason for low sorbitol accumulation in mature leaves under high temperatures.
Under the above-mentioned osmotic stress conditions, accumulation of sorbitol accompanies decreased NAD + -SDH activity. However, it is also reported that sorbitol accumulation is associated with upregulation of S6PDH or its homologue aldose reductase under osmotic stress (Deguchi et al., 2002; Kanayama et al., 2007; Tari et al., 2010) . Regardless, sorbitol accumulation is beneficial for osmotic adaptation. However, under high-temperature treatment, sorbitol synthesis was weakened as a result of photosynthesis inhibition (Fig. 2) , whereas sorbitol utilization tended to increase with upregulation of NAD + -SDH genes. Accordingly, sorbitol accumulation was decreased in mature leaves under high-temperature treatment. Therefore, sorbitol accumulation patterns could be dependent on stress conditions. Interestingly, the decrease of sorbitol content in mature leaves was compensated by sucrose accumulation under high-temperature treatment (Fig. 3B) . The increase in sucrose content is associated with upregulation of sucrose synthase and sucrose phosphate synthase genes (data not published). The compensation of sorbitol by sucrose was also observed in S6PDH-suppressed transgenic apple plants, with sucrose content increased 3.7-fold when sorbitol accumulation decreased to 22% of the control in GSA04 apple (Teo et al., 2006; Zhou et al., 2006) . Therefore, a relationship between sorbitol and sucrose metabolism under high temperatures is implied.
SORBITOL CONTENT, ACTIVITY, AND GENE EXPRESSION OF SORBITOL METABOLIC ENZYMES IN FRUIT FLESH UNDER HIGH-
TEMPERATURE TREATMENT. In most ripe Rosaceae fruit, sorbitol is not the predominant constituent sugar, despite it being the primary imported sugar, which indicates that sorbitol is rapidly metabolized in the fruit (Yamaki, 1986) . Unloaded sorbitol in fruit is oxidized to fructose or glucose or is stored. The proportion of sorbitol in ripe Rosaceae fruit varies among species. Ripe apple and peach fruit contain little sorbitol, and fructose or sucrose, respectively, accounts for the maximum sugar ratio (Vizzotto et al., 1996; Yamaki, 1986) . However, cherries (Prunus cerasus L. and Prunus avium L.) accumulate large amounts of sorbitol in mature fruit (Gao et al., 2003) . In pear fruit, the sorbitol content is highly variable among cultivars. Sorbitol content in Pyrus communis L. is higher than that in Pyrus ussuriensis Maxim. (Yao et al., 2010) . In P. pyrifolia cv. Wonhwang fruit, the proportion of fructose was highest and that of glucose lowest, and sorbitol proportion was equal to that of sucrose in the flesh of the control (Fig. 3B) . Under high-temperature treatment, sorbitol content was maintained at a steady level except for a significant increase on 3 Aug., whereas sucrose was rapidly accumulated since 27 July (Fig. 3) .
Among the sorbitol metabolic enzymes analyzed, only NAD + -SDH activity was significantly decreased in fruit flesh under high temperature; the other three enzymes analyzed were insensitive to high temperature (Fig. 4B) . NAD + -SDH is a crucial enzyme in sorbitol catabolism and is ubiquitously distributed in a variety of plant tissues and organs (Wang et al., 2009; Wu et al., 2010) . In fruit, NAD + -SDH activity varies with development stage (Bianco and Rieger, 2002a; Yamaki, 1986) and exhibits a high level of activity at fruit set and during fruit maturation (Nosarszewski et al., 2004; Park et al., 2002) , which indicates that NAD + -SDH plays important roles in sink strength establishment and fruit ripening. In this study, NAD + -SDH activity in fruit flesh decreased in response to high-temperature stress, which indicated that sink strength of fruit was weakened and fruit enlargement may be affected under high temperature.
PpSDH1 and PpSDH2 were downregulated under hightemperature treatment (Fig. 5B) , which was consistent with the decrease of NAD + -SDH activity (Fig. 4B) . However, increased NAD + -SDH activity in mature leaves was a result of upregulation of PpSDH1 and PpSDH3 under high-temperature treatment (Fig. 5A) ; therefore, expression of NAD + -SDH genes was tissue-specific under high temperature. Tissue-specific expression of nine SDH genes in apple is also reported. Expression of MdSDH2, MdSDH3, and MdSDH4 is restricted to sink organs such as young leaves, stems, roots, and maturing fruit, whereas MdSDH1 is highly expressed in leaves (Park et al., 2002) . In apple fruit, five of the nine SDH genes (SDH1, SDH2, SDH3, SDH6, and SDH9) are expressed in fruit, but only SDH2 is limited to the cortex, and SDH6 and SDH9 are expressed in the seed (Nosarzewski and Archbold, 2007) . Fifteen SDH genes are reported in the pear genome, which is much more than in other rosaceous and nonrosacaeous species such as strawberry (Fragaria vesca L.) and papaya (Carica papaya L.), and the complex multigene family in pear might be related to the wholegenome duplication from nine chromosomes of the Rosaceae ancestor (Wu et al., 2013) . Consequently, the whole-genome duplication may have been the origin of the large multigene family and promote the specific sorbitol metabolism pathway; however, it may also have led to complex expressional regulation and functional redundancy. Although the current information was insufficient to reveal the regulatory mechanism of sorbitol metabolism under high temperature, it demonstrated the tissue-specific response of NAD + -SDH genes to high temperature.
EXPRESSION OF SORBITOL TRANSPORTER GENES IN MATURE L E A V E S A N D F R U I T F L E S H U N D E R H I G H -TEMPERATURE
TREATMENT. Sorbitol transporters are essential components that mediate cross-membrane transport of sorbitol, including its export from the source leaf, long-distance distribution in the phloem, and import into sink tissues. Sorbitol transporters have been identified in a variety of plants such as sour cherry [P. cerasus (Gao et al., 2003) ], apple (Li et al., 2012; Watari et al., 2004) , and plantain [Plantago major L. (Pommerrenig et al., 2007) ]. In this study, two SOT genes (PpSOT1 and PpSOT2) were isolated of which only PpSOT2 in mature leaves was significantly downregulated under high temperature (Fig. 6A) . Sugar transport is regulated by sugar availability and stress conditions (Roitsch, 1999) ; therefore, decreased sorbitol content in mature leaves could regulate expression of PpSOT2 under high-temperature treatment. Similar regulation is also reported in apple. Expression of MdSOT3 and MdSOT5 in leaves is upregulated with increase in sorbitol accumulation, whereas expression of MdSOT4 showed tissue-specific transcript patterns under drought stress (Li et al., 2012) . Similarly, PpSOT2, which showed high sequence identity to MdSOT4, showed tissue-specific response to heat stress (Fig. 6 ). In addition, the sorbitol transporters play important roles in sink tissues. A defective SOT in apple fruit leads to abnormal sorbitol accumulation in the apoplast and the fruit watercore disorder (Gao et al., 2005) . In this study, although expression of the two SOT genes in fruit flesh was unaffected by high temperature (Fig. 6B) , the expression and function of other SOT genes should be verified because a much higher number of SOT genes is present in the pear genome than in other plant species, e.g., 35 in pear, 11 in strawberry, 12 in papaya, 8 in grape (Vitis vinifera L.), and 10 in tomato (Solanum lycopersicum L.) (Wu et al., 2013) .
As a specific and important pathway in rosaceous species, sorbitol metabolism has been genetically modified to improve resistance to osmotic stresses and, furthermore, sorbitol accumulation as an osmoprotectant also changes fruit quality. The indentified genes involved in sorbitol metabolism responsive to high temperature could be exploited to improve pear fruit quality and thermotolerance under high-temperature growing conditions.
In this study, it was shown that with the transcriptional regulation of sorbitol metabolizing enzymes, depressed synthesis, and increased utilization led to low sorbitol accumulation in mature leaves after high-temperature treatment, whereas sorbitol metabolism in fruit flesh was less sensitive to that in mature leaves under high-temperature conditions. However, the significant accumulation of sucrose in fruit flesh indicated that fruit quality was influenced by high temperature during advanced fruit enlargement. In addition, from an environmental adaptation perspective, the responses of sorbitol metabolism and changes of sugar composition in mature leaves and fruit flesh could be beneficial for thermotolerance under high temperatures. Therefore, understanding the regulation of sorbitol metabolism under high temperature may be helpful to improve the stress resistance of rosaceous plants.
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